All relevant data are within the manuscript.

1. Introduction {#sec001}
===============

The world's economy is highly dependent on [fossil fuels](https://www.sciencedirect.com/topics/engineering/fossil-fuel) and its consumption has significantly increased worldwide due to increasing in energy demands and consequently it has caused the enhanced level of atmospheric carbon dioxide (CO~2~). The enhancement of atmospheric CO~2~ and its influence on environment, temperature, and earth's ecosystem have been clear in the late decades \[[@pone.0236367.ref001]--[@pone.0236367.ref003]\]. As a result, the reduction of carbon dioxide emission becomes a critical issue. In order to reduce CO~2~ emission and alleviate its adverse effects, a number of techniques have been implemented and developed including chemical or physical adsorption \[[@pone.0236367.ref004]\], absorption \[[@pone.0236367.ref005]\], cryogenic \[[@pone.0236367.ref006]\] and membrane technology \[[@pone.0236367.ref007], [@pone.0236367.ref008]\].

Carbon dioxide chemical absorption by chemical absorbents in packed or tray columns is one of the commercial and conventional methods for reduction of CO~2~ emission into the atmosphere. However, these techniques have some critical issues including high energy consumption, flooding, foaming, channelling and entrainment, which reduce the process efficiency \[[@pone.0236367.ref009], [@pone.0236367.ref010]\]. Membrane contactor concept was introduced for CO~2~ absorption in order to overcome the technical problems associated with conventional methods. It offers a number of benefits consisting of high specific surface area, preventing dispersion between gas and liquid phases, operational flexibility, easier prediction, more economic, and compact size of membrane contactors \[[@pone.0236367.ref011]--[@pone.0236367.ref013]\]. It has also some drawbacks such as laminar fluid flow because of small fiber diameter and operation at micro scale \[[@pone.0236367.ref011]\].

Hollow fiber contactors have been considerably studied recently for various applications \[[@pone.0236367.ref008], [@pone.0236367.ref014]--[@pone.0236367.ref016]\]. In the HFMCs, two fluids are separated by either hydrophobic or hydrophilic membrane acting as a barrier, which allows two phases to come into contact without dispersion of one phase into another phase. One of the underlying factors, which affects the performance of membrane contactors is the type of solvent used for removal of target species. The most important criteria for selection of a solvent in membrane systems for gas capture are solvent surface tension, its compatibility with material of membrane, high reactivity with CO~2~, low vapour pressure, good thermal stability, and easiness of regeneration. Solvents with [low surface tension](https://www.sciencedirect.com/topics/engineering/low-surface-tension) lead to wetting micropores of membrane \[[@pone.0236367.ref017]\]. Alkanolamine absorbents like monoethanolamine (MEA) are regarded as the most prevalent solvents used for carbon dioxide absorption due to having rapid [reaction rate](https://www.sciencedirect.com/topics/earth-and-planetary-sciences/reaction-kinetics) with CO~2~. However, they have a number of issues such as significant [regeneration](https://www.sciencedirect.com/topics/engineering/regeneration) energy and losses during evaporation \[[@pone.0236367.ref018]\]. Using different alkanolamine solvents including MEA \[[@pone.0236367.ref019]\], Methyldiethanolamine (MDEA) \[[@pone.0236367.ref020]\], triethylamine (TEA) \[[@pone.0236367.ref021]\], ethylenediamine (EDA) \[[@pone.0236367.ref022]\], ethyl-ethanolamine (EEA) \[[@pone.0236367.ref023]\], and 4-diethylamino-2-butanol (DEAB) \[[@pone.0236367.ref024]\] for CO~2~ absorption have been investigated.

Theoretical investigations on different solvent effects on CO~2~ mass transfer in membrane contactors would be useful and enormously valuable in order to select a solvent based on operating conditions and membrane characteristics. Nakhjiri et al. \[[@pone.0236367.ref021]\] experimentally, theoretically and mathematically studied absorption of CO~2~ from mixture of carbon dioxide and methane utilizing MEA and TEA aqueous solvents inside a polypropylene HFMC. The current research used the experimental data and the membrane specification of Nakhjiri et al \[[@pone.0236367.ref021]\] work to investigate solvents effect on CO~2~ absorption. They found that absorption efficiency of carbon dioxide from gas mixture using TEA and MEA solvents are 62% and 92%, respectively.

[Computational fluid dynamics](https://www.sciencedirect.com/topics/materials-science/computational-fluid-dynamics) (CFD) has been proved as a sophisticated and robust technique in order to carry out modelling and simulation of different processes in membrane contactors \[[@pone.0236367.ref025]--[@pone.0236367.ref027]\]. Therefore, the main aim of the current study is to develop a 2D comprehensive mechanistic model for mathematical investigation and comparison of separation performance for CO~2~ capture into different alkanolamine solvents. The effect of operating conditions as well as fiber characteristics on CO~2~ absorption was investigated using different solvents. Partial differential equations pertaining to transport phenomena and reaction kinetics were solved by COMSOL package to compare the performance of various solvents in the CO~2~ absorption process.

2. Model development {#sec002}
====================

[Fig 1](#pone.0236367.g001){ref-type="fig"} represents a schematic demonstration to present CO~2~ absorption process into liquid alkanolamine solutions applying a microporous/hydrophobic polypropylene HFMC module. A single hollow fiber is formed into three prominent mass transfer domains including tube compartment (gas feed), microporous fiber, and shell segment (solvent). As can be seen from [Fig](https://www.sciencedirect.com/science/article/pii/S0376738819310439#fig2) [1](#pone.0236367.g001){ref-type="fig"}, the liquid solvent moves in the shell part while the gaseous feed is passed into the tube part in counter-current mode. A comprehensive steady-state two dimensional mechanistic model will be rendered axisymmetrically due to the non-existence of angular gradient, and the simulation can be developed using the assumptions:

1.  Steady state condition

2.  Isothermal process

3.  The gas phase filled the membrane pores

4.  Chemical reaction does not occur in the gas phase of module

5.  Using Henry\'s law for the equilibrium of gas/liquid phases where two phases were contacted

6.  Laminar and counter-current fluids flow in the contactor

7.  Ideal gas behaviour through the shell section.

The Happel\'s free surface equation is commonly applied to determine the assumptive effective radius of the shell around a single fiber in membrane contactor modules \[[@pone.0236367.ref013], [@pone.0236367.ref028], [@pone.0236367.ref029]\]. In the model, only a part of solution envelops the hollow fiber is pondered and can be calculated as a circular area. In addition, the membrane contactor specifications and the operating conditons are provied in [Table 1](#pone.0236367.t001){ref-type="table"}.

![The representation of hydrophobic HFMC.](pone.0236367.g001){#pone.0236367.g001}

10.1371/journal.pone.0236367.t001

###### Membrane module specifications and operating conditions used in mathematical modelling/2D simulation \[[@pone.0236367.ref021]\].

![](pone.0236367.t001){#pone.0236367.t001g}

  Parameter                        Unit            Value         Parameter                     Unit        Value
  -------------------------------- --------------- ------------- ----------------------------- ----------- -------------
  Fiber material                   Polypropylene   \-\--         Voidage (φ)                   \--         0.93
  Inner radius of module           m               0.0175        Number of fibers (*n*)        \--         510
  Outer radius of fiber (*r*~2~)   m               2×10^−4^      Temperature (*T*)             K           298
  Inner radius of fiber (*r*~1~)   m               1.75×10^−4^   Gas flow rate (*Q*~*g*~)      L.min^-1^   2
  Fiber pore radius (*r*~*p*~)     m               5×10^−8^      Liquid flow rate (*Q*~*l*~)   L.hr^-1^    25
  Membrane length (*L*)            m               0.27          Pressure (*P*)                Pa          10^5^
  Porosity of fiber (*ε*)          \--             0.17          Membrane thickness (δ)        m           0.25×10^−4^

2.1. Shell side\'s equations {#sec003}
----------------------------

The principal equation that explains the transfer of CO~2~ from gas feed to liquid solvent is continuity equation. The differential form of continuity equation for CO~2~ is derived as follows \[[@pone.0236367.ref030]--[@pone.0236367.ref032]\]: $$\frac{\partial C_{i}}{\partial t} = - \nabla N_{i} + R_{i}$$ where the symbol *C*~*i*~, *R*~*i*~ and *N*~*i*~ respectively denote the concentration, rate of reaction and flux of components *i*. The component flux term describes the transport by diffusion and the convective flux as follows \[[@pone.0236367.ref031]\]: $$N_{i} = - D_{i}\nabla C_{i} + C_{i}V_{Z}$$ where *V*~*z*~ and *D*~*i*~ are respectively the velocity in the axial coordinate and the diffusion coefficient of components *i* in the contactor. The combination of equations \[[@pone.0236367.ref001]\] and \[[@pone.0236367.ref002]\]renders the steady state mass transfer equation for components *i* inside the shell part of microporous hydrophobic membrane contactor as follows \[[@pone.0236367.ref029], [@pone.0236367.ref030], [@pone.0236367.ref033]\]: $$D_{i,s}\left\lbrack {\frac{\partial^{2}C_{i,s}}{\partial r^{2}} + \frac{1}{r}\frac{\partial C_{i,s}}{\partial r} + \frac{\partial^{2}C_{i,s}}{\partial z^{2}}} \right\rbrack = V_{z,s}\frac{\partial C_{i,s}}{\partial z}$$

For solution of mass transfer equation, velocity profile is estimated using the following equation \[[@pone.0236367.ref029], [@pone.0236367.ref030], [@pone.0236367.ref034]\]: $$V_{z - shell} = 2\overline{V_{s}}\left\lbrack {1 - \left( \frac{r_{2}}{r_{3}} \right)^{2}} \right\rbrack \times \left\lbrack \frac{{(r/r_{3})}^{2} - {(r_{2}/r_{3})}^{2} + 2\ln\left( {r_{2}/r} \right)}{3 + {(r_{2}/r_{3})}^{4} - 4{(r_{2}/r_{3})}^{2} + 4\ln\left( {r_{2}/r_{3}} \right)} \right\rbrack$$ where V~z−shell~ and ${\overline{V}}_{s}$ denote the velocity in the axial coordinate and the average velocity in the shell part of a single fiber, respectively. The symbol r~2~ and r~3~ are respectively interpreted as the outer fiber radius and shell\'s hypothetical radius that is determined as follows \[[@pone.0236367.ref035]\]: $$r_{3} = r_{2}\sqrt{1/\left( {1 - \varphi} \right)}$$ where φ is the voidage inside the module and it is calculated as follows \[[@pone.0236367.ref036]\]: $$1 - \varphi = \frac{nr_{2}^{2}}{R^{2}}$$ where *R*^2^ and *n* denote the membrane contactor\'s inner radius and number of fibers, respectively. The shell\'s effective radius was estimated to be 7.56×10^−4^ m based on equation \[[@pone.0236367.ref004]\]. Boundary conditions for the shell part of the contactor are provided as: $$at\ z = L,\mspace{2mu} C_{CO2 - shell} = 0,\mspace{2mu} C_{amine - shell} = C_{M0},\mspace{2mu} V_{z - shell} = V_{0}\left( {inlet\ boundry} \right)$$ $$at\ z = 0,\mspace{2mu} Convective\ flux,\mspace{2mu} p = p_{atm}\left( {outlet\ boundry} \right)$$ $$at\ r = r_{3},{\frac{\partial c_{i - shell}}{\partial r} = 0},\mspace{2mu} symmetry\ boundry$$ $$at\ r = r_{2},\mspace{2mu} C_{CO2 - shell} = m \times C_{CO2 - membrane},{\frac{\partial c_{{amine} - shell}}{\partial r} = 0}\left( {insulation\ boundry} \right)$$

2.2. Membrane side\'s equations {#sec004}
-------------------------------

The steady state concnetration distribution equation in the membrane pores when the membrane is hydrophoic and gas filled may be written as follows \[[@pone.0236367.ref029], [@pone.0236367.ref035]\]: $$D_{CO_{2},mem}\left\lbrack {\frac{\partial^{2}C_{CO_{2},mem}}{\partial r^{2}} + \frac{1}{r}\frac{\partial C_{CO_{2},mem}}{\partial r} + \frac{\partial^{2}C_{CO_{2},mem}}{\partial z^{2}}} \right\rbrack = 0$$ where $C_{{CO}_{2},mem}$ and $D_{{CO}_{2},mem}$ are the concentration amount and diffusivity of carbon dioxide in the pores of fiber, respectively. Also, it should be pointed out that CO~2~ diffusion through the gas (tube compartment) is the monopolized mechanism of carbon dioxide mass transfer inside the micropores. CO~2~ diffusion coefficient in the membrane side was calculated as follows \[[@pone.0236367.ref035]\]: $$D_{CO_{2},mem} = \frac{\varepsilon D_{CO_{2},tube}}{\tau}$$ where $D_{{CO}_{2},tube}$ denotes the CO~2~ diffisuvity in the tube side. The membrane tortuosity (τ) and porosity (ε) parameters were considered for determination of CO~2~ diffusion coefficient. Tortuosity can be determined using the following equaion \[[@pone.0236367.ref021], [@pone.0236367.ref037], [@pone.0236367.ref038]\]: $$\tau = \frac{\left( {2 - \varepsilon} \right)^{2}}{\varepsilon}$$

Boundary conditions implemented for developing the mathematical modelling/2D simulation are presented as follows: $$at\ z = L,\mspace{2mu} Insulation,\mspace{2mu} No\ slip\ condition$$ $$at\ z = 0,\mspace{2mu} Insulation,\mspace{2mu} No\ slip\ condition$$ $$at\ r = r_{2},\mspace{2mu} C_{{CO}2}‐{membrane} = C_{{CO}2}‐{shell}/m,\mspace{2mu} No\ slip\ condition$$ $$at\ r = r_{1},\mspace{2mu} C_{{CO}2}‐{membrane} = C_{{CO}2}‐{tube},\mspace{2mu} No\ slip\ condition$$

2.3. Tube side\'s equations {#sec005}
---------------------------

Transport of carbon dioxide in the gas phase (steady state) where the liquid phase flows can be written by means of the following mass balance equation \[[@pone.0236367.ref035], [@pone.0236367.ref039]\]: $$D_{i,tube}\left\lbrack {\frac{\partial^{2}C_{i,tube}}{\partial r^{2}} + \frac{1}{r}\frac{\partial C_{i,tube}}{\partial r} + \frac{\partial^{2}C_{i,tube}}{\partial z^{2}}} \right\rbrack = V_{z,tube}\frac{\partial C_{i,tube}}{\partial z} - R_{i}$$ where the symbol D~i,tube~, R~i~ and V~z,tube~ are denoted as the diffusivity of carbon dioxide, the absorbents\' reaction rate in the tube segment, and the fluid velocity in the axial direction, respectively. Velocity profile inside the tube is calculated as \[[@pone.0236367.ref022], [@pone.0236367.ref040]\]: $$V_{z,{tube}} = 2\overline{V}\left\lbrack {1 - \left( \frac{r}{r_{1}} \right)^{2}} \right\rbrack$$ where $\overset{¯}{V}$ in the equation represetns the average velocity of gas phase in axial direction through the tube side. The absorbents chemical formulas, the reaction rate of CO~2~ with different absobents in the tube compartment of module and also the absorbents molecular structures are provided in [Table 2](#pone.0236367.t002){ref-type="table"}. Also, CO~2~ and different physicochemical properties used within the develped model were given in [Table 3](#pone.0236367.t003){ref-type="table"}. Boundary conditions for the tube side of the contactor are provided as: $$at\ z = 0,\mspace{2mu} C_{CO2} - tube = C_{CO20},\ V_{z - tube} = V_{0}\left( {inlet\ boundry} \right)$$ $$at\ z = L,\mspace{2mu} Convective\ flux,\mspace{2mu} p = p_{atm}\left( {outlet\ boundry} \right)$$ $$at\ r = 0,\mspace{2mu}{\frac{\partial C_{{CO}2 - tube}}{\partial r} = 0},\mspace{2mu} symmetry\ boundry$$ $$at\ r = r_{1},\mspace{2mu} C_{CO2 - tube} = C_{CO2 - membrane}$$

10.1371/journal.pone.0236367.t002

###### Chemical formulas, molecular structures and CO~2~---various absorbents reaction rate \[[@pone.0236367.ref041]--[@pone.0236367.ref046]\].

![](pone.0236367.t002){#pone.0236367.t002g}

  Liquid Absorbent                    Molecular Structure   Reaction Rate
  ----------------------------------- --------------------- --------------------------------------------------------------------------------------------------------------
  EDA: \[C~2~H~8~N~2~\]                                     $r_{{CO}_{2} - EDA} = - {8.7 \times 10^{9}\ exp\left( {{- 6080}/T} \right)C}_{{CO}_{2}}C_{EDA}$
  MEA: \[C~2~H~7~NO\]                                       $r_{{CO}_{2} - MEA} = - {{\left( 10 \right.^{({10.99 - {2152/T}})}/\left. 1000 \right)}C}_{{CO}_{2}}C_{MEA}$
  TEA: \[C~6~H~15~NO~3~\]                                   $r_{{CO}_{2} - TEA} = - {4.52 \times 10^{4}\ exp\left( {{- 2688}/T} \right)C}_{{CO}_{2}}C_{TEA}$
  MDEA: CH~3~N\[C~2~H~4~OH\]~2~                             $r_{{CO}_{2} - MDEA} = - {8.741 \times 10^{12}\ exp\left( {{- 8625}/T} \right)C}_{{CO}_{2}}C_{MDEA}$
  DEAB: \[C~8~H~19~NO\]                                     $r_{{CO}_{2} - DEAB} = - {4.01 \times 10^{13}\ exp\left( {{- 7527.7}/T} \right)C}_{{CO}_{2}}C_{DEAB}$
  EEA: \[CH~3~CH~2~NHCH~2~CH~2~OH\]                         $r_{{CO}_{2} - EEA} = - {4.16 \times 10^{6}\ exp\left( {{- 3926.2}/T} \right)C}_{{CO}_{2}}C_{EEA}$

10.1371/journal.pone.0236367.t003

###### CO~2~ and various alkanolamine absorbents\' physicochemical properties applied for developing the mathematical modelling/2D simulation.

![](pone.0236367.t003){#pone.0236367.t003g}

  Parameter               Value                                                  Unit         Reference
  ----------------------- ------------------------------------------------------ ------------ -------------------------------------------
  $D_{{CO}_{2},tube}$     1.8×10^−5^                                             m^2^ s^-1^   \[[@pone.0236367.ref035]\]
  $D_{{CO}_{2},mem}$      $D_{{CO}_{2},tube}\left( {\varepsilon/\tau} \right)$   m^2^ s^-1^   \[[@pone.0236367.ref035]\]
  $D_{{CO}_{2} - DEAB}$   1.12×10^−9^                                            m^2^ s^-1^   \[[@pone.0236367.ref047]\]
  $D_{{CO}_{2},TEA}$      1.95×10^−9^                                            m^2^ s^-1^   \[[@pone.0236367.ref042]\]
  $D_{{CO}_{2} - EEA}$    1.12×10^−9^                                            m^2^ s^-1^   \[[@pone.0236367.ref048]\]
  $D_{{CO}_{2},MEA}$      1.51×10^−9^                                            m^2^ s^-1^   \[[@pone.0236367.ref049]\]
  $D_{{CO}_{2} - MDEA}$   1.18×10--9                                             m^2^ s^-1^   \[[@pone.0236367.ref050]\]
  $D_{{CO}_{2},EDA}$      2.09×10^−9^                                            m^2^ s^-1^   \[[@pone.0236367.ref044]\]
  *D*~*DEAB*,*shell*~     3.82×10^−10^                                           m^2^ s^-1^   \[[@pone.0236367.ref051]\]
  *D*~*EDA*,*shell*~      1.05×10^−9^                                            m^2^ s^-1^   \[[@pone.0236367.ref052]\]
  *D*~*EEA*,*shell*~      9.5×10^−10^                                            m^2^ s^-1^   Estimated from \[[@pone.0236367.ref053]\]
  *D*~*MDEA*−*tube*~      6.21×10^−10^                                           m^2^ s^-1^   \[[@pone.0236367.ref050]\]
  *D*~*TEA*,*shell*~      7.11×10^−10^                                           m^2^ s^-1^   \[[@pone.0236367.ref042]\]
  *D*~*MEA*,*shell*~      9.32×10^−10^                                           m^2^ s^-1^   \[[@pone.0236367.ref049]\]
  $D_{{CO}_{2},H_{2}O}$   2.35×10^−6^*exp*(−2199/*T*)                            m^2^ s^-1^   \[[@pone.0236367.ref054]\]
  $m_{{CO}_{2},DEAB}$     0.856                                                  \--          \[[@pone.0236367.ref047]\]
  $m_{{CO}_{2},EDA}$      0.4                                                    \--          \[[@pone.0236367.ref055]\]
  $m_{{CO}_{2},TEA}$      0.602                                                  \--          \[[@pone.0236367.ref056]\]
  $m_{{CO}_{2},MEA}$      0.86                                                   \--          \[[@pone.0236367.ref057]\]
  $m_{{CO}_{2} - MDEA}$   0.82                                                   \--          \[[@pone.0236367.ref058]\]
  $m_{{CO}_{2} - EEA}$    0.35                                                   \--          Estimated from \[[@pone.0236367.ref048]\]

2.4. Numerical solution {#sec006}
-----------------------

With aim of solving the principal mass / momentum equations of liquid and gas phases in the contactor taking into consideration of laminar fluid flow, counter-current adjustment and non-wetting condition, a finite element (FE) procedure was used by COMSOL Multiphysics package version 5.2. The adaptive meshing and error control are set and PARDISO solver was used to control the computational errors. It is reported that the exact computational duration for solution of the derived transport phenomena equations and obtaining the simulation results was approximately 5 minutes.

3. Results and discussion {#sec007}
=========================

The developed mathematical model and simulation in this paper has been validated in our previous study where MEA and TEA were used to investigate carbon dioxide capture in a membrane module and it was found that there is great agreement between measured data and modelling values \[[@pone.0236367.ref021]\]. In this paper, we have gone into deep details to study different solvents effect on the system performance.

3.1. CO~2~ concentration distribution {#sec008}
-------------------------------------

[Fig 2](#pone.0236367.g002){ref-type="fig"} represents concentration gradient of CO~2~ in the tube section of hydrophobic membrane for different solvents. The feed gas moves in the tube part from z = 0, where its concentration amount is the highest value, i.e. C~0~. The concentration difference results in the diffusion of CO~2~ molecules through the pores of fiber from tube section to the shell compartment. Diffusional mass transfer is considered as the prominent mechanism in radial direction because of existence of substantial concentration gradient, while advection is the governing mechanism in axial direction due to fluid motion. Indeed, concentration gradient is the driving force of the separation process. As can be seen, the carbon dioxide concentration declines gradually as it is transferred in the contactor, however it should be noticed that the alteration in CO~2~ concentration is considerably dependent on the type of solvent in the shell part of the module. 4-diethylamino-2-butanol (DEAB), as a new tertiary amine, showed a promising potential for CO~2~ absorption compared to other ones used in this study. The maximum absorption was obtained when the solvent was DEAB while EEA had the lowest CO~2~ absorption capacity.

![CO~2~ concentration gradient through the hydrophobic microporous membrane contactor using a) DEAB, b) EDA, c) EEA, d) MEA, e) MDEA, f) TEA absorbents.](pone.0236367.g002){#pone.0236367.g002}

[Fig 3](#pone.0236367.g003){ref-type="fig"} conspicuously illustrates the dimensionless concentration profiles for carbon dioxide in gas side along the axial length of hydrophobic HFMC. It was observed that the carbon dioxide concentration in the gas side declines gradually in a non-linear fashion along the length of the hydrophobic HFMC. The CO~2~ concentration at z = 0 depicts the maximum value \[[@pone.0236367.ref001]\] and drops to about 0 at 0.4L for DEAB, while it does not reach 0 for all other solvents at the gas outlet (z = L). There is a steady decrement in the concentration for TEA, EDA, EEA, and MDEA solvents, but for the MEA and DEAB solvents there is sharply reduction at the bottom section of the contactor and the reduction rate was decreased as the gas flows to the exit of contactor. It means that 100% of CO~2~ from the gas side has passed into the solvent through the fiber pores when only DEAB is used as absorbent.

![Axial dimensionless concentration profile of CO~2~ along the axial length of hydrophobic HFMC (membrane---tube interface) using MEA, TEA, EEA, EDA, MDEA and DEAB absorbents.](pone.0236367.g003){#pone.0236367.g003}

3.2. Effect of membrane porosity and tortuosity {#sec009}
-----------------------------------------------

The influence of fiber porosity, at constant tortuosity, on carbon dioxide absorption by different absorbents was shown in [Fig 4](#pone.0236367.g004){ref-type="fig"}. It was observed that the enhancement of the porosity can eventuate in the increase in CO~2~ absorption due to improvement of CO~2~ diffusivity in the fiber pores and reduction of the mass transfer resistance \[[@pone.0236367.ref059]\]. Albeit, the increment is not significant when the fiber porosity is increased from 40% to 90% for MEA and DEAB solvents and it is better to use the membranes with lower porosity. In fact, high fiber porosity may lead to decreasing the anti-wetting property, and consequently can enhance mass transfer resistance by penetrating solvent into membrane pores. In addition, high fiber porosity can decrease the self-supporting capability of the contactor and enhancing the difficulties in membrane fabrication \[[@pone.0236367.ref023]\]. A sharp increase in CO~2~ absorption can be seen for other four absorbents in particular for EEA solvent. Acutely, it can improve the membrane porosity for CO~2~ absorption when one has to use this solvent. However, it is momentous to care about the issues that may be created because of the enhancement of porosity. Therefore, the suitable porosity should be selected when designing or manufacturing membranes.

![Impact of the membrane porosity parameter on the CO~2~ removal applying MEA, TEA, EEA, EDA, MDEA and DEAB liquid absorbents.](pone.0236367.g004){#pone.0236367.g004}

The influence of fiber's tortuosity factor on CO~2~ absorption using different chemical absorbents in non-wetted mode is shown in [Fig 5](#pone.0236367.g005){ref-type="fig"}. It was observed that the CO~2~ removal percentage generally decreases by increasing the tortuosity parameter. The effect of change in tortuosity parameter on CO~2~ absorption is significant when TEA, EEA, MDEA, and EDA were used as solvent. According to equation \[[@pone.0236367.ref012]\], the diffusion coefficient becomes less and consequently the mass transfer resistance of the microporous membrane increased with the enhancement of tortuosity factor \[[@pone.0236367.ref060]\]. Based on the developed model for different solvents, the results showed that increment in the tortuosity factor of microporous fiber from 1 to 5 deteriorated the CO~2~ absorption rate from 99 to 97% using DEAB, from 98 to 95% using MEA, from 94 to 84% using EDA, from 92 to 80% using MDEA, from 90 to 73% using TEA, and from 85 to 63% using EEA, respectively.

![Influence of the membrane tortuosity parameter on the CO~2~ removal using MEA, TEA, EEA, EDA, MDEA and DEAB absorbents.](pone.0236367.g005){#pone.0236367.g005}

3.3. Effect of module length {#sec010}
----------------------------

The length of a hollow fiber is considered as a critical factor which affects the CO~2~ mass transfer efficiency. The total amount of CO~2~ transport through the microporous membrane can be increased by enhancement of the membrane contactor length. The hydrophobic HFMC\'s length is able to be optimized according to the CO~2~ absorption efficiency. [Fig 6](#pone.0236367.g006){ref-type="fig"} demonstrates the CO~2~ absorption efficiency as function of the membrane contactor length for different absorbents. The increment of membrane contactor length from 0.1 to 0.4 m results in an increase in CO~2~ absorption from 70% to 96% when MEA was used as an alkanolamine solvent. In terms of DEAB, there is not much increase in CO~2~ absorption because it is still high at the lowest fiber length. Firstly, there is a sharp increase in CO~2~ absorption for other absorbents when the membrane length is increased from 0.1 m to 0.4 m, while after that the effect of length becomes less and less considerable. Increasing in CO~2~ absorption is due to enhancement of the residence time of CO~2~ in the tube, thereby enhancing the chance for carbon dioxide transfer from gas to solvent. The DEAB and MEA solvents need 0.2 m and 0.4 m of membrane length for the maximum recovery and after that the increase is too small, so, it does not require to waste the material for making longer membrane. It is appropriate to use shorter membrane that is convenient for the process, system maintenance, and site installation \[[@pone.0236367.ref023]\]. So, there would be an optimized membrane fiber length based on the amount CO~2~ absorption and manufacturing, installation, and maintenance costs. Also, the stability and strength of the membrane can be reduced by increasing the length of hydrophobic HFMC.

![Impact of the module length parameter on the CO~2~ removal using MEA, TEA, EEA, EDA, MDEA and DEAB absorbents.](pone.0236367.g006){#pone.0236367.g006}

3.4. Effect of the number of fiber {#sec011}
----------------------------------

Influence of the No. of fibers on carbon dioxide absorption for different solvents is given in [Fig 7](#pone.0236367.g007){ref-type="fig"}. It is obvious that increasing the number of fiber will increase the mass transfer area and consequently contact area between both phases, thus it has positive impact on CO~2~ absorption. It can be seen significant increase in CO~2~ removal for all absorbents except DEAB. The sharp increase in CO~2~ absorption was followed by slow increase when the number of fibers was enhanced from 300 to 600.

![Impact of the number of fibers on the CO~2~ removal using MEA, TEA, EEA, EDA, MDEA and DEAB absorbents.](pone.0236367.g007){#pone.0236367.g007}

3.5. Effect of the gas flow rate {#sec012}
--------------------------------

As mentioned, the membrane contactor systems have the benefit of fairly easy scale-up because it is easy to determine the membrane surface area in comparison with traditional absorption techniques. The modules can be connected in series or parallel in order to increase the system flow rate. Increasing the gas flow rate can substantially decrease the mass transfer resistance and consequently increase CO~2~ flux. However, the CO~2~ absorption efficiency is reduced because the inlet amount of CO~2~ is also increased with gas flow rate. [Fig 8](#pone.0236367.g008){ref-type="fig"} illustrates the effect of gas flow rate on carbon dioxide absorption. As it is observed, increasing gas flow rates reduces CO~2~ capture. This is because by increasing the gas velocity, the gas residence time in the module is decreased and therefore mass transfer of the CO~2~ absorption from gas to liquid is reduced. It is well perceived from [Fig 8](#pone.0236367.g008){ref-type="fig"} that the increase in the gas flow rate from 1 to 2.8 L.min^-1^ decreased CO~2~ absorption from 100 to 97% using DEAB, from 95 to 68% using MEA, from 94 to 64% using EDA, from 92 to 60% using MDEA, from 86 to 53% using TEA, and from 70 to 37% using EEA, respectively.

![Effect of gas flow rate on the CO~2~ removal using MEA, TEA, EEA, EDA, MDEA and DEAB absorbents.](pone.0236367.g008){#pone.0236367.g008}

4. Conclusions {#sec013}
==============

This paper reported a mathematical modelling and simulation study of CO~2~ capture from a gas stream in a membrane contactor. For this purpose, polypropylene is applied as the prominent material of porous membrane to determine the performance of the contactor system for CO~2~ absorption using different solvents. A mathematical model and consequently a 2D wide-ranging simulation were proposed considering the mass transfer and characteristics of the membrane. The change in membrane specifications did not have significant effect on the CO~2~ absorption when DEAB was used as solvent, but the other solvents performance was considerably affected. CO~2~ recovery is increased by increasing the [porosity](https://www.sciencedirect.com/topics/engineering/liquid-flowrate) because of increasing diffusion coefficient in membrane pores, membrane length due to enhancement of mass transfer area and residence time of CO~2~ in the contactor, the number of fibers due to increasing of mass transfer surface area. However, CO~2~ recovery decreased by increasing the [gas flow rate](https://www.sciencedirect.com/topics/engineering/gas-flowrate), and tortuosity. The results of the current study indicated that the proposed mass transfer model can be sued for optimization of CO~2~ absorption in the hollow-fiber membrane contactor when it is required to change the type of absorbent. Based on the results, it could be concluded that it is possible to achieve considerable improvement in CO~2~ absorption using change in membrane characteristics and operating conditions.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.
